This paper presents the results of numerical studies performed to evaluate the performance of four commonly used traffic barriers on roadside and median slopes. The selected guardrail/barrier systems are the modified G4(1S) W-beam guardrail, modified thrie-beam guardrail, Midwest guardrail system and modified weak-post W-beam guardrail. For barriers placed on slopes, vehicle impact height varies depending on the trajectory of the vehicle along the ditch section and lateral offset of the barrier. Multi-rigid-body dynamic analysis code, CARSIM, is used to identify trajectories of the vehicles traversing various roadside and median cross-slopes. Performance limits of each barrier in terms of acceptable vehicle impact heights are superimposed on the trajectory data to identify safe lateral offset locations for each barrier. The resulting placement guidelines are then refined using the responses obtained from LS-DYNA simulations that capture the full encroachment event from departure of the vehicle off the travelled way through impact with the barrier.
Introduction
Cross-median crashes have become a serious problem in recent years. Significant portion of the median cross-sections used for divided highways have terrains with slopes steeper than 10:1. In late 1970s, an analysis of barriers placed on slopes indicated that most guardrails do not perform well when placed on 6:1 or steeper slopes [19] . Since then, the vehicle fleet has changed dramatically, with significant increase in the percentage of light trucks and sport utility vehicles. Designs of roadside barriers have changed based on the findings obtained from crash tests performed on flat terrain. Depending on the placement location on a relatively steep slope, barriers, however, can be impacted by an errant vehicle at height and orientation more critically compared with those observed during the crash test performed on flat terrain. Hence, detailed study of the performance of barriers on roadside and median slopes is needed to achieve acceptable safety performance.
For barriers placed on slopes, vehicle impact height varies depending on the trajectory of the vehicle along the ditch section and lateral offset of the barrier. A commercially available multi-rigid-body dynamic analysis code, CARSIM [3] , is used in this study to determine trajectories of the vehicles traversing along various roadside and median cross-slopes. The set-up for the vehicle dynamics analysis (VDA), and median configurations, vehicle types, encroachment angles and speeds selected for this study are shown in Figure 1(a) . Performance limits of the selected barriers in terms of acceptable vehicle impact heights are then superimposed on vehicle trajectory data to prepare guidelines with recommendations for the placement of barriers along the roadside and median slopes. These guidelines are then verified and refined using the responses obtained from full-scale LS-DYNA simulations that capture the full encroachment event from departure of the vehicle off the travelled way through impact with the barrier.
Background
Roadside safety hardware are evaluated following the guidelines provided in the NCHRP Report 350 [20] and recently released MASH [14] . Guardrails selected for this study were successfully tested on flat terrain [1, 2, 9, 17] as per Report 350. It is not absolutely known if these systems will meet the new MASH guidelines for the placement on flat terrain. However, they are still acceptable for use under the Federal Highway Administration/American Association of State Highway Transportation Officials (FHWA-AASHTO) implementation plan. Hence, the performances of these systems on slopes were evaluated in this study by following the NCHRP Report 350 guidelines. According to this report, all barriers on high-speed roadways on the National Highway System are required C 2013 Taylor & Francis Figure 1 . (a) Vehicle dynamic analysis set-up with parameters selected for the current study. (b) Override and underride limits for the selected barrier types [5, 6] .
to meet Test Level 3 (TL-3) requirements. Under TL-3 requirements, specified in Report 350, roadside barrier systems must be subjected to two full-scale crash tests: (a) an 820-kg passenger car (820C) impacting the barrier at 100 km/h speed and 20 • angle, and (b) a 2000-kg pickup (2000P) impacting the barrier at 100 km/h and 25 • angle.
Researchers and engineers have been using a variety of codes to simulate vehicle handling, vehicle impacts with roadside objects and vehicle encroachments over roadside geometric features such as slopes, ditches and driveways. The use of explicit non-linear finite-element (FE) solvers has become a standard in the simulation of vehicle impacts with roadside objects. Researchers use multi-rigid-body dynamic analysis codes to simulate vehicle encroachments over slope terrains prior to the impacts to utilise the significant saving in computational time. Ross and Sicking [19] used Highway Vehicle Object Simulation Model (HVOSM) to determine bumper trajectory of a vehicle encroaching onto various terrain configurations. Researchers at the National Crash Analysis Center (NCAC) [10, 12, 13] used the Human Vehicle Environment (HVE) code to develop vehicle trajectory envelops on sloped terrain to determine the placement guideline for the three-strand cable barrier. Also, comparing the results obtained from HVE and CARSIM, Marzougui et al. [11] concluded that independent VDA tools are accurate enough to have confidence in their results. During evaluation of available codes, researchers at the Texas A&M Transportation Institute (TTI) found that using CARSIM [3] offered advantages over other vehicle-handling codes. Commercial multi-rigid-body dynamic analysis code, CARSIM, has about 30 pre-built vehicle models in different vehicle classes. The list of these pre-built vehicles includes small passenger car and full-size pickup truck models that can be minimally modified to represent the NCHRP Report 350 specified 820C and 2000P test vehicles.
The authors, in the first part of the study [5, 6] , developed the performance limits of the selected barriers in terms of acceptable vehicle impact heights. Full-scale FE model for each guardrail system was developed. Public-domain FE models of 2000P and 820C test vehicles, developed by the NCAC [15] , were used to conduct crash simulations. These simulations were validated against the results obtained from existing crash tests performed in flat and level terrain. To construct vehicle containment limits, LS-DYNA simulations were performed on guardrails placed on flat and level terrain. The vehicle impact height was parametrically varied to determine the performance limits of the barrier as defined by initiation of override or rollover for the pickup truck and underride for the small passenger car. Override and underride limits obtained from the study, shown in Figure 1 (b), were used in the current study to develop preliminary guidelines for the placement of guardrails on slopes.
Research approach
The purpose of this study is to develop comprehensive recommendations for placement of four widely used barriers on roadside and median slopes. Representative combinations of slope configurations and vehicle encroachment conditions ( Figure 1(a) ), investigated in this study, were identified following existing guidelines. Ideally, a single FE code would simulate the vehicle traversing the slope and impacting the barrier. However, the total encroachment event is relatively long in duration and large computational times are required to capture both events. Thus, considering the large number of parametric runs needed to address the variables of interest, exclusive use of a single-code two-event simulation scenario was not the most suitable approach for this research. Initial analysis was therefore divided into two parallel parts. One part used a multi-rigid-body dynamics code, CARSIM, to quantify the trajectory of the vehicles across selected roadside and median configurations for different encroachment conditions. Short run times for the multirigid-body code allowed an extensive parametric study of the influence of terrain on vehicle trajectory. The other part of the simulation focused on developing performance envelopes in terms of vehicle containment heights for selected guardrail systems installed on flat and level terrain. This part was conducted earlier [6] using a non-linear FE code, LS-DYNA, capable of modelling vehicle-to-barrier contact.
Once the barrier performance limit and vehicle trajectory analyses were concluded, the derived barrier containment ranges were superimposed on the vehicle trajectory data to quantify the performance of a given barrier on a given slope as a function of barrier offset. Once the preliminary guidelines were developed, additional simulations of selected configurations of vehicle type, barrier type, barrier offset and slope/ditch configuration were conducted using LS-DYNA simulations. These simulations captured the full encroachment event from departure of the vehicle off the travelled way through impact with the barrier. These runs were conducted to verify and refine the guidelines developed from the superposition of the independent impact and trajectory analyses. Configurations selected for simulation included both the scenarios for which failure was expected and those for which successful containment was predicted. The terrain configurations simulated included vehicle encountering the barrier on a foreslope and on a backslope of the depressed median. For the simulations on V-shaped median configurations with a single median barrier placed in the ditch, a dual-sided barrier model was developed by adding extra rail and blockout elements to the single-sided guardrail model.
Vehicle trajectory analysis
A multi-rigid-body dynamic analysis package, CARSIM, was used in this study to evaluate the trajectory of a vehicle as it traversed a median ditch at a prescribed speed and angle. Parameters selected for the trajectory analyses are shown in Figure 1 (a). Vehicles that comply with the NCHRP Report 350 specifications were selected for the analysis. The depressed median was assumed to have a symmetric cross-section with equal foreslope and backslope ratios. For the case of a vehicle encroaching onto the roadside, simulations were performed for selected positive (cut) cross-slopes. The scenario in which the cross-slope is negative (fill) is a subset of the case when the vehicle encroaches into a depressed median. Thus, no additional simulations were needed for the roadside case beyond this scenario. Based on the number of parameters selected, a simple permutation calculation shows that a total of 112 simulations were performed to complete the analysis.
The methodology used to obtain the vehicle bumper profiles along a ditch cross-section included the following four steps:
• Define ditch profile. • Define vehicle model selections and parameter modifications. • Run the CARSIM simulation.
• Analyse CARSIM output to obtain bumper trajectory.
Modifications to the CARSIM vehicle models
The pre-built A-class hatchback and full-size pickup models available in the CARSIM vehicle library were modified to represent the 820C and 2000P design test vehicles of the NCHRP Report 350, respectively. The geometric dimensions for the two vehicle models were modified based on actual measurements of test vehicles at the TTI Proving Ground. The inertia properties for the sprung mass were obtained from the National Highway Traffic Safety Administration's (NHTSA) database for measured vehicle inertia parameters [7] .
Since the focus of the simulation analysis is the trajectory of a vehicle through a median ditch, it is critical to incorporate accurate suspension properties in the vehicle models. CARSIM models have default values for the suspension spring and damper properties. However, these properties generally do not completely capture the loading range or rates encountered in off-road encroachments. Hence, coil-spring stiffness and damper rates from actual test vehicles were measured [4] to obtain the desired properties. Using a compression machine, the force-displacement data for the coil spring is collected up to a displacement associated with the maximum suspension travel possible for each vehicle design. The resistance force of the damper is measured by the dynamometer to obtain the desired force-velocity response. The measured values for the coil springs and dampers used in the C2500 and Geo Metro suspensions are shown in Figure 2 . As shown in the figure, the responses obtained from the test slightly differ from the default data built into CARSIM.
Analyse CARSIM outputs to extract bumper trajectory
External files that define ditch profiles, vehicle encroachment angles and speeds were linked into the CARSIM database. The outputs obtained from CARSIM simulations were analysed to obtain bumper trajectory of a vehicle traversing various slope configurations. Figure 3(a) shows the CARSIM -enerated sequential positions of a C2500 vehicle model traversing a V-shape ditch. The outputs obtained from the simulation include the three coordinate vectors for the tracking point (X tr , Y tr , Z tr ) in the global coordinate system (X o Y o Z o ), as shown in Figure 3 (b). The tracking point on the vehicle was defined as the top of the bumper closest to the shoulder edge. The bumper-top coordinate vectors (X tr , Y tr , Z tr ), obtained from CARSIM, were then projected on a plane perpendicular to the ditch (X ditch -Z o plane), as shown in Figure 3 (b). The adjustment of Z tr for ditch offset, dZ (as shown in Figure 3 (b)), was then calculated. Finally, the relative bumper heights were calculated by adding the adjustment dZ to the bumper trace projection heights Z tr to obtain bumper-top heights relative to local terrain. This is represented by the dotted curve shown in the first chart in Figure 3 (c).
Trajectory analyses for each vehicle class required four input variables: vehicle speed, encroachment angle, ditch width and slope. An external MATLAB code was developed to perform the pre-processing according to these variables, run the CARSIM simulation and post-process the CARSIM output in a single run.
Validation of vehicle trajectory analysis
The second chart in Figure 3 (c) compares the CARSIM trajectories obtained using test and default suspension properties for a Geo Metro car travelling across a 7.3-m-(24 ft)-wide ditch with 6:1 slopes at an encroachment angle and a speed of 25 • and 100 km/h (62 mph), respectively. Also included for comparison are results reported by the NCAC for a similar simulation conducted using the HVE simulation code [16] . In this case, the trajectory obtained using the default suspension properties deviated from those obtained using the test suspension data as the vehicle contacted the back slope. There was close agreement between the CARSIM simulation conducted using test suspension data and the HVE simulation conducted by the NCAC.
The VDA results obtained using the described approaches were also validated against the results obtained from a full-scale crash test conducted at the TTI [21] . The test involved a 2000-kg C2500 impacting an F-shape barrier placed on a 6:1 slope at a speed and an angle of 101.2 km/h (62.7 mph) and 24.7 • , respectively. The barrier was offset 4m (13.25 ) from the hinge of the slope, as shown in Figure 3(d) . Stine [22] digitised the high-speed video footage of the crash test to obtain 52 data points for vertical positions of the vehicle's centre of gravity along the ditch cross-section prior to barrier impact. As can be seen from the chart in Figure 3(d) , vehicle trajectory obtained from an identical CARSIM simulation closely matched the results obtained from the crash test.
Vehicle trajectory envelope
For the vehicle trajectory analyses, the tracking point on the vehicle was taken as the top corner of the bumper closest to the shoulder edge, same as that used to derive the override and underride limits for the guardrail systems (Figure 1(b) ) using impact analyses [6] . Using the results obtained from vehicle dynamics simulation of vehicle traversing the median ditch, bumper profiles relative to the terrain along the ditch cross-section were plotted as illustrated in Figure 3 (c). Figure 4 (a) shows a superposition of all the bumper profiles (relative) obtained for the two different design vehicles encroaching onto a selected ditch configuration at various encroachment speed and angle combinations. The plots for the vehicles traversing across the median from one (left) side is sufficient for evaluating a scenario in which a guardrail is placed on a roadside or on both sides of a median ditch. However, for V-shaped median configurations with a single median barrier placed in the ditch, consideration needs to be given to vehicles encroaching into the median from either side of the divided roadway. This is accomplished by mirroring the traces plotted for the vehicles traversing from one side on the same ditch cross-section. The second chart in Figure 4 (a) shows bumper profiles for the two vehicle classes encroaching from both sides of the selected ditch configuration. The dotted lines represent the vehicles traversing across the median from right side. Figure 4(b) shows the trajectory envelopes for vehicles traversing from one side and both sides of the median ditch. These envelopes trace the upper and lower projections of the individual bumper plots across the ditch profile. The upper continuous line represents the maximum bumper heights obtained at each location along the sloped terrain, and the lower dotted line of the envelope indicates the minimum values of bumper-top height for any point along the slope/ditch. Superimposed as horizontal lines on these trajectory envelopes are the barrier override/rollover and underride limits. If, at a given lateral offset, the thin continuous line (maximum bumper-top height) exceeds the barrier override/rollover limit, it is highly probable that a pickup will rollover or override a barrier placed at that location. Similarly, if the thin dotted line (minimum bumper-top height) extends below the underride limit, it is likely that a small car can underride the barrier placed at that location, resulting in severe vehicle snagging and excessive decelerations. The solid bars plotted at the bottom of the figures indicate locations for which barrier performance is predicted to be acceptable (i.e. no override/rollover or underride is expected).
Preliminary guidelines
The override and underride limits for the four guardrail systems, as shown in Figure 1(b) , were superimposed on the vehicle trajectory envelops to quantify performance of each barrier on a given slope as a function of barrier offset. The resulting graphical representations, as shown in Figure 4(b) , were then used to develop the preliminary guidelines for the placement of each guardrail/median barrier on slope configurations selected for the study. 
Refinement of the preliminary guidelines
The preliminary guidelines for the placement of barriers on slopes, discussed in the previous section, were developed by coupling the vehicle trajectory data obtained using a multi-rigid-body dynamic analysis code (CARSIM) and the barrier performance limits obtained using a non-linear FE analysis code (LS-DYNA). To verify and refine these guidelines, additional simulations were performed using LS-DYNA. These simulations captured the full encroachment event from departure of the vehicle off the travelled way through impact with the barrier. The total encroachment event is relatively long in duration and large computational times are required to capture both the encroachment and the impact events using a single FE code. Hence, small number of cases with selected configurations of vehicle type, barrier type, barrier offset and slope/ditch configuration were selected for the simulation.
As can be seen from Figure 1(b) , the modified G4(1S) guardrail system has the lowest override limit among the systems selected for this study. The system also has a very high underride limit. The modified weak-post W-beam system, on the other hand, has the highest underride limit. Hence, the placement of the modified G4(1S) system at offset locations controlled by its override limit and the placement of the modified weak-post W-beam system at offset locations controlled by its underride limit can be considered as worst-case scenarios for a given slope. The preliminary guidelines developed for the modified G4(1S) system and the modified weak-post W-beam system were therefore thoroughly investigated using LS-DYNA simulations. Figure 5 shows the placement cases selected for the simulations. The letter 'P' in the case names indicates that the barrier is expected to pass the safety evaluation criteria set forth in Report 350. The letter 'F' indicates that the failure is expected according to the preliminary guidelines. For override limit-controlled cases (near the shoulder edge), a 2000P truck impacted the barrier at 100 km/h speed and 25 • angle. For underride limit-controlled cases (near the ditch bottom), an 820C car impacted the barrier at 100 km/h and 20 • angle. For the depressed median cases, the vehicle impacted a dual-sided barrier model. As shown in Figure 6 , the dual-sided system models were developed by adding extra rail and blockout elements to the single-sided guardrail models. The NCAC-developed public-domain FE models [15] of 2000P and 820C vehicles were used for the simulations. Figure 7 shows the results obtained from the simulations performed on the modified G4(1S) system for Cases P1 to P9. Simulation results for all the cases, except Cases F5 and F7, matched the preliminary guideline predictions. According to the preliminary guidelines, the pickup should override the barrier placed at the end of the ditch for both Case F6 and Case F7. Although the vehicle in simulation seemed to roll over after impacting the system in Case F6, it was successfully contained and redirected by the system placed at the end of the wider ditch (i.e. Case F7).
The CARSIM-generated sequential images of the multirigid-body pickup traversing the ditch used in Case F7 are shown in Figure 8 (a). Figure 8(b) compares the LS-DYNAand CARSIM-generated trajectories of the pickup traversing the same ditch. These figures present relative heights of the bumper top, assuming a reference line along the horizontal axis to identify the lateral offsets where a bumper height exceeds the barrier override limit. As can be seen from the figure, the CARSIM-generated vehicle trajectory on the backslope of the ditch is more severe compared with LS-DYNA-generated vehicle trajectory. The vehicle travelling along a slope becomes airborne upon entering a ditch. After some period of free flight, the vehicle eventually re-contacts the ground. In reality, the vehicle frame undergoes some twists as it re-contacts the ground, which dampens some of the reaction forces generated during the tyre-ground impact. The overly rigid vehicle models used in CARSIM failed to capture this frame twist, leading to the vehicle rising higher than is expected after the re-contact. Vehicle models used in FE simulations, on the other hand, are more flexible and can capture the severe vehicle frame twists. As can be seen in Figure 7 (Case F7), as the vehicle tyres contacted the ground after the free flight, the more flexible FE vehicle model absorbed some portion of the contact energy through deformation, which allowed it to rise lower than that predicted in CARSIM. Hence, it was concluded that the CARSIM-generated vehicle trajectories produce an overly conservative guideline for the placement of barriers on the backslope of a depressed median. The FE simulations showed that for ditch widths greater than 8.54 m (28 ), placement guidelines near the shoulder edge for a depressed median should be controlled by the trajectories of the pickup on its foreslope instead of those on its backslope. Figure 8(c) shows that the LS-DYNA-generated trajectory of a small car traversing a ditch before impacting a barrier on the backslope closely matched the small-car trajectory obtained from CARSIM. Figure 8(d) shows the results obtained from the simulations performed on the modified weak-post W-beam system for Cases P10 to P12. According to the preliminary guidelines, the barrier placed at the selected location should successfully contain the small car in all three cases. As can be seen in Figure 8(d) , the small car seemed to underride the barrier at the end of the simulation in Case P11. The high rail mounting height, absence of blockout and easily detachable rail-to-post connections in weak-post W-beam system allow the small car to underride the dual-sided rails with minimum effort. Hence, the placement of a single modified weak-post W-beam barrier should be avoided on the underride limit-controlled region (i.e. near the base of the ditch) for all V-shaped medians.
In the simulation of Case P12, the small car impacted a single-sided modified weak-post W-beam system placed on a 6:1 negative roadside slope. As can be seen from Figure 8(c) , although the occupant's risk factors were within acceptable limit, the small car seemed to partially underride the guardrail. The W-beam rail elements contacted the top edge of the windshield frame at 1.15 s. Compression and drag forces created by the rail elements on the windshield during this contact can potentially shatter the windshield, causing severe occupant injury. The NCHRP Report 350 safety evaluation criteria do not permit any deformation of, or intrusion into, the occupant compartment, which could cause serious occupant injury. The vehicle model used in this study does not have the capability to capture windshield damage and therefore it was uncertain whether the rail-to-windshield contact observed at 1.15 s would cause occupant compartment intrusion. To remain on the safer side, performance of the guardrail in the simulation was considered unacceptable. Placement guidelines developed using a higher underride limit should allow avoiding these marginally unacceptable placement locations for the modified weak-post W-beam system.
In developing the final guideline for the placement of a single barrier near the shoulder edge of a depressed median, space equivalent to its maximum anticipated lateral deflection from the edge of the traffic lane was avoided to accommodate barrier deflections due to the impact by an errant vehicle travelling from the opposite end of the ditch. Maximum lateral deflections observed during the crash tests performed on a single-sided guardrail system placed on flat terrain can be conservatively used for the stiffer dualsided median barrier. Analysing the results obtained from crash tests performed on all four systems [1, 2, 9, 17] , it was found that the dynamic deflection observed for the modified weak-post W-beam system exceeded both the 1.2-m (4 ) and the 1.8-m (6 ) shoulder widths by 0.92 m (3 ) and 0.32 m (1 ), respectively. The dynamic deflections of other systems were contained within the distance equivalent to the smallest shoulder width.
Results and conclusions
The flow chart shown in Figure 9 summarises the procedures used to verify and refine the preliminary guidelines by considering the results obtained from LS-DYNA simulations on sloped terrain. The barrier placement guidelines, verified and refined following the procedures discussed above and shown in the flow chart, are presented in Figure 10 . The figure presents the guidelines for the placement of four common guardrail systems on selected roadside and median slope configurations. The guideline for the symmetric V-shaped medians, Figure 10 (a)-(f), comprises the placement guideline from initial slope break point to the centre of the ditch, and is applicable on both slopes of a V-shaped ditch. This guideline can also be applied on non-symmetric depressed median configurations by using the guideline for symmetric medians with steeper crossslope when determining the acceptable range to place a median barrier on the slope. For the depressed medians, Figure 10 (a)-(f) shows the acceptable placement locations for a single dual-sided system. For the roadside case, Figure 10 (g)-(h), shows safe lateral offset locations for a single-sided system. Placement guidelines for a negative roadside slope can be used on the foreslope of a depressed median provided that another guardrail is placed on the backslope to take care of traffic from the opposite direction. Based on the guidelines provided in Figure 10 , the following comparisons can be made between the four guardrail systems selected for the study.
• The modified Thrie-beam system has the widest range of acceptable placement locations among the systems studied. Unlike others, this system can be placed anywhere on an 8:1 positive roadside slope. The system has the highest override limit due to its higher rail mounting height. It also has the lowest underride limit due to the deeper Thrie-beam rails and wider blockouts. • The modified G4(1S) system, on the other hand, has the lowest override limit due to its lower rail mounting height. Also, the presence of narrower blockouts makes the system more prone to the vehicle postsnagging during impacts with a small car. • High rail mounting height and the presence of wider blockouts make the Midwest guardrail system (MSG) a better W-beam barrier option for placement on roadside and median slopes. • The modified weak-post W-beam system was found unfit for placement on depressed medians. When placing near the shoulder edge on a depressed median, adequate space must be provided for a dualsided modified weak-post W-beam barrier to accommodate its relatively large lateral deflections. The guidelines also do not recommend the placement of this system near the base of a ditch since the easily detachable rail-to-post connections and the absence of spacers make the system least effective in containing small cars with compressed suspension.
In the present study, the guidelines for the placement of barriers on slopes were developed and validated using numerical simulations. These guidelines can be further validated using full-scale crash tests. For the tests, pickup truck should be used to evaluate impact performance of a selected barrier placed on both the foreslope and the backslope of a median at an offset that the guidelines predict is near the override limit but for which successful containment and redirection is indicated. A small-car test, on the other hand, should be used to evaluate the placement near the bottom of the ditch since this is a likely scenario for underride. Findings obtained from the full-scale crash test can be used to revise the guidelines presented in Figure 10 , if needed.
Researchers at the Midwest Roadside Safety Facility performed two full-scale crash tests to investigate the performance of the MGS system on an 8:1 roadside slope [8, 18] . The guardrail was placed at a critical offset location of 1.52 m from the slope break. Both the C2500 pickup and the Geo Metro passenger car were successfully contained and redirected by the system, and the tests met the safety evaluation criteria set forth in the NCHRP Report 350. As shown in Figure 10 (g), the guidelines developed in this study also find 1.52 m as acceptable offset location (near the override limit) for the MGS system placed on an 8:1 slope.
The NCHRP Report 350-specified test conditions were used in this study to prepare the placement guidelines. Both barrier performance limits and vehicle trajectory envelopes are expected to change when MASH-specified vehicles are used. The use of a pickup with higher weight and CG height increases the risk of override in MASH tests. Similarly, a heavier small car with higher impact angle increases the impact severity for test 3-10. Due to the higher front profile, a rise in bumper trajectory is expected for both the pickup and the small car specified in MASH. Thus, the placement options near override limit-controlled region in a MASHcompatible guideline are expected to shrink due to the coupling of lower override limit and higher bumper trajectory. However, a rise in bumper trajectory for the small car is expected to have a positive/compensating effect on the placement options near the underride limit-controlled region.
